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ABSTRACT

The purpose of this effort was to develop and demonstrate a method

of experimentally determining both elastic and plastic strain distri-

butions in metallic materials. This was accomplished by recording

minute temperature changes on the surface of the material as it was

subjected to various loading conditions. Mathematical relationships

relating these changes to the strain in the material was developed

and verified. Much of the success of this effort was due to the

development of thermocouple attachment and readout technique that

recorded minute temperature changes (0.1 degree centigrade) at ten

millisecond sample intervals. This small time period sampling assures

that heat has not been conducted away from the thermocouple attachment

point. The thermocouples consisting of two .13 mm dissimilar metal

wires were attached to the surface 0.1 mm apart by discharging a large

capacitor grounded to the specimen. The small size permits the mounting

of several thermocouples in a small area. The determination of plastic

zone outlines is thereby facilitated.
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SECTION I

INTRODUCTION

The purpose of this project was to demonstrate that thE

use of temperature data in stress analysis of metallic

members gives information that is both valid and useful.

Work is presented to specifically:

1. Demonstrate the feasibility by developing a

system capable of measuring the desired

temperatures.

2. Demonstrate the validity of interpreting

temperature data by developing and testing

an equation relating mechanical variables

to measure temperature change developed.

3. Demonstrate the usefulness of the technique

through two example applications.

a. The use of temperature measurement

to determine plastic zone size.

b. The use of temperature measurement

to detect time dependent relaxation of

overload produced residual stresses

in notched members.



The stress analysis technique developed is one of

perhaps thirty experimental stress analysis techniques

already available. Therefore, it is important to consider

why an additional technique is valuable. First, it is

worthwhile to consider what information one would ideally

like to obtain in experimental stress analysis. In the

most general case one would like to know the six components

of the stress tensor field, six components of the elastic

strain tensor field and six components of the plastic strain

tensor field. In addition, it is usually desirable to have

this information in real time by a nondestructive method

at a low cost. No existing technique can even come close

to meeting these requirements. As a result, the choice of

a technique is dictated by the features deemed most

important for a particular application.

The technique that has been developed is an important

addition to the available techniques because of the
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features which it combines. The technique developed has

the chief advantages of being non-destructive, giving real

time information, being relatively low in cost,

distinguishing elastic from plastic deformation, and most

importantly providing quantitative information.

This technique is applicable to a wide range of

problems, the full extent of which cannot be immediately

foreseen. However, the advantages of this technique make

it particularly suited to the study of notched members. To

see why this is so, it is necessary to consider the nature

of the experimental problem which must be faced in the

study of notched members.

In smooth centroidally loaded members it is possible

to calculate stress from load. However, the vast majority

of service failures involve notched members. Unfortunately,

it is not possible to calculate stress from load alone in

such members. It is also nearly impossible to measure

stress experimentally. Without the ability to measure

stress it is not possible to use the stress-strain curve

in distinguishing plastic and elastic strain as is

commonly done for unnotched members. The inability to

measure stress and distinguish elastic from plastic strain

is the key problem in studying notched members.

3



Many different experimental methods have been devised

to attack this problem. One measure of the importance of

this problem is the large number of techniques devised or

employed in dealing with it. Some of these techniques are
1 2

as follows: x-ray microbeam, chemical etching,

3. 4
microhardness, image-distortion, transmission electron

5 6
microscopy, holographic interferometry, photoelastic

7 8
coating, selected area electron channeling, reference

mark methods,9 Moire interference techniques,10 and
11

exoelectron methods. In spite of the large number of

techniques available, investigators will often find it

necessary to compromise between desirable and undesirable

attributes. It is the present technique's ability to

distinguish plastic from elastic deformation in real time

nondestructively that makes it a good choice for the study

of the mechanical behavior of notched members.

1.1 HISTORY OF TEMPERATURE MEASUREMENT IN DEFORMATION BEHAVIOR

The basics of temperature response of deforming metals

were established before the end of the nineteenth century.

There are two major temperature effects that occur. One

associated with elastic deformation and one associated with

plastic deformation.

4



During elastic deformation there is either cooling

or heating due to volume change. The temperature change

associated with elastic deformation was studied by

Thompson and in 1851 he proposed an equation which is the

equivalent of Eq. (1). 12 This equation states that

temperature is linearly related to volume dilatation.

The second major temperature effect in deforming

metals is heating associated with plastic deformation.

There is evidence that blacksmiths knew about and used

this fact for hundreds and perhaps thousands of years

before scientists studied it. 1 3 In 1875 Hirn published

experimental results that showed that when a metal is

plastically deformed all the irreversible work is
14

converted to heat. Much of the subsequent work on

fundamental temperature effects in metals is concerned

with the small fraction of irreversible work that is not

converted to heat.

Microstructural Applications

The first and most extensive use of temperature

"measurement in the study of deformation of metals was in

the study of stored energy of cold work. Extensive

review papers have been published dealing with this

subject so it will only be discussed briefly here.15'16
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The main purpose of studying stored energy of cold work is

to increase the understanding of the microstructural changes

associated with plastic deformation. There are two common

ways of studying stored energy of cold work. Both methods

involve temperature measurement.

Several investigators have measured highly localized

temperatures as a means of studying the micromechanisms of

energy dissipation. 1 7 ' 1 8 ,19 In one of these studies 1 7

special attention is paid to the nonhomogeneity of plastic

deformation. This investigator pioneered the use of

highly sophisticated infrared temperature measurement

techniques. Progress has been made in identifying the

mechanisms of energy dissipation in metals, however, no

definitive results have emerged.

Mechanics Applications

Temperature measurement has been used by 0. W. Dillon

and coworkers in studies of both linear and non-linear

thermoelasticity. 2 0 2 4  Theoretical work by Dillon showed

that non-linear elasticic materials would dissipate

mechanical energy as heat due to coupling effects between

the temperature field and the deviatoric components of
20 L

strain.
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An extensive experimental program was carried out.

The results of experiments on both tubular and solid

cylindrical torsion specimens showed that the heat

generation as a function of strain did not agree with that

predicted by non-linear thermoelasticity. These experiments

produced three additional findings particularly relevant

to this thesis. First, the rate of heat generation at

some places within a cycle was not equal to the rate at
24

which irreversible mechanical work was done. This first

finding contradicts experimental findings in this thesis.

Second, in spite of the fact that creep was observed for

static loading the heat generation was frequency

independent.22 Third, generation of heat by mechanical

deformation in aluminum was not sensitive to prior load

history.
2 3

For the study of linear thermoelasticity, Dillon

developed an impressive thermocouple based temperature

measurement system capable of measuring very small
24

temperatures dynamically. For electrical reasons the

system was inherently limited to a single channel because

the difficult problem of an electrically insulating but

"thermally conducting interface was not solved. This

system was used to check temperature changes predicted

by thermoelasticity. The experimental results were in

7



excellent agreement with the theoretical results of

thermoelasticity.

V. A. Franyuk and V. B. Rantsevitch used temperature

measurement to determine the plastic work during fatigue
25

tests. In these experiments the temperature rise in

unnotched fatigue specimens cycled at a constant frequency

was measured as a function of time. By also recording

stress-strain hysteresis loops the temperature change which

had major contributions from thermal conduction was

correlated with the plastic work done. Temperature

measurement was then used as a substitute for determining

hysteresis loop areas.

D. G. Montgomery has developed a method of determining

fracture toughness by integrating the measured temperature

differences near the running crack during fracture.26 The

toughness values measured in this way were correlated with

toughness determined by other methods. It is claimed that

the method can easily determine toughness in members with

complex geometry.

K. Schonert and R. Weichert have measured temperatures

near a fast running crack and claim that their data implies

temperatures as large as 1000 K to 2000 K. 2 7 ' 2 8 Such large

temperatures would have implications for the choice of

appropriate models of fast running cracks.

8



A. D. Abdi et al have developed a promising system of

measuring temperatures in deforming metals based on the use
27

of thermistor flakes. The system was used to show that

more heating occurs near stress concentrations.

The most extensive use of temperature measurement in

mechanics has thus far been in the identification of areas

of fatigue damage in steady state fatigue cycling. This

is accomplished by using infrared field temperature

measurement techniques to identify hot spots associated

with areas of greatest ongoing fatigue damage. The

earliest reference found to this is that of R. Attermo

and G. Ostberg.30 However, many others31-34 have done

extensive work in the area, especially K. Reifsnider. 3 1

In all of these investigations the temperature distribution

of specimens during continuing fatigue cycling was

monitored. From the observed temperature distribution

these investigators were able to identify sites of

maximum fatigue damage rate, detect fatigue cracks, watch

them propagate and identify the site of final fracture.

In all tests to date, continuous fatigue cycling was used,

resulting in quasi-steady state temperature distribution

which is the result of a balance between conduction and

heat generation. Because the effects of conduction are

9



included in the temperature data collected it is not

possible to quantitatively relate temperature at any point

to mechanical variables.

The present investigation should be considered a

mechanics application of temperature measurement during

mechanical deformation. The important features of this

work are that it develops a quantitative stress analysis

technique applied to difficult problems associated with

notched members. The key element that makes these

applications of temperature data possible is rapid loading

combined with rapid data collection. Without this element

of speed the data would be changed by thermal conduction

making quantitative interpretation impossible.

10



SECTION II

EXPERIMENTAL SET UP

The experiments for this project were carried out using

two similar mild steels. The material used for the majority

* of the experiments was a commercially available 14 gage

(:t=1.95 mm) hot rolled low carbon steel sheet containing

not more than 0.15% C, 0.6% Mn, 0,35% P, and 0.04% S.

This material was heat treated in a variety of ways before

testing, Table 1 lists the heat treatments and the

results of all tensile tests. It is apparent from Table 1

and from tests of notched specimens that there is no

significant difference between the mechanical properties

of heat treatments six through nine. In the remainder of

this thesis heat treatments six through nine will be

referred to as simply heat treated mild steel. To

distinguish heat treatment five from the others this heat

treatment will be referred to by number.

Four different specimen geometries were used in tests

involving this material; large unnotched rectangular

plates 400 mm x 76 mm x 1.95 mm inserted 76 mm into grips

at each end, small rectangular plates 200 mm x 25 mm x

1.95 mm inserted about 50 mm into grips at each end, large

rectangular specimens with a single edge notch (see Fig. 1

for the notch geometry), and large rectangular specimens

11



with a 15 mm diameter center hole (Fig. 2). The edge notch

and center hole specimens were identical to the large

rectangular specimens except for the addition of either

a notch or a hole. The elastic stress concentration for

the notched specimen was 5.1 while for the plate with

the 15 mm center hole the stress concentration was

2.51.36

For reasons discussed later, it became necessary to

test cylindrical specimens. Cylindrical specimens of the

material used for the other tests were not readily

available so specimens of a similar low carbon steel

(Type A 36, single specimen yield strength = 589 MPa)

were used. These specimens were threaded with a smooth

section 65 mm long and 5 mm in diameter.

Heat treatment was done using existing electrical

resistance furnaces. Excussive formation of mill scale and

possible decarbonization was avoided by covering the speci-

mens with cast iron chips during most high temperature heat

treatments. A tube furnace for inert gas heat

treatment was used for some tests. This furnace has

a proportional controller and provisions for using

an argon atmosphere during heat treatment.

12



A load cell was used to measure forces. With the

exception of residual stress measurement by hole drilling

all strains were measured with 25 mm gage length strain

gage extensometers. In some experiments extensometers

were mounted on opposite narrow sides of the specimens and

the output was averaged using a differential amplifier.

In the hole drilling experiments metal foil strain gages

were used.

In some cases it was desirable to test the thin plate

specimens in compression. In order to prevent buckling

special grips and anti-buckling plates were constructed

(see Fig. 3). The validity of stress-strain data obtained

with this type of anti-buckling plates has been

established by others. 3 7

The most difficult experimental problem was measuring

small, rapidly changing temperatures. Generally in this

work it was necessary to measure temperatures as small as

a few tenths of degrees Celcius with a response time of a

hundredth of a second or better. The system chosen to

accomplish this is based on thermocouples. Thermocouple

systems do not give field data as do some infrared systems,

13



but they have certain advantages and are far less

expensive. The key element in making a thermocouple

system of sufficiently fast response is intimate thermal

contact between the measuring junction and the specimen.

A variety of thermocouple attachment methods have been

used successfully. 24-2738 In this work individual

thermocouples were welded to the specimen surface. This

particular attachment method is quite suitable for stress

analysis for the following reasons. It is relatively

nondestructive and nondisturbing of stress fields, allows

precise positioning of the measuring junctions, allows the

position of the measuring junction to be freely observed

throughout the test, and provides excellent thermal contact.

This system can also be expanded for using as many

thermocouples as needed.

14



The thermocouple consisted of 0.127 mm diameter

copper and constantan or chromel and constantan wires

welded directly to the specimen. The reference junction

of these thermocouples is an air reference junction

located on a solder tab glued to the specimen (see Fig. 4).

A small amount of slow drift results from using an air

reference junction. This causes no major problems because

the temperature that is related to mechanical deformation

changes extremely rapidly compared to the rate of drift.

Welding of the thermocouple to the specimen was

accomplished by touching each thermocouple wire

individually to the specimen and short circuiting a

2500 .F capacitor charged to 20 V. Additional information

on the thermocouple system and the procedure used to

install the thermocouples is given in Appendices Ia and

lb.

The output of the thermocouples in these experiments

was a microvolt size signal which was amplified and

recorded. To accomplish this each thermocouple was

connected to its own 105 gain differential amplifier.

The output of the amplifier was then recorded using a

light pen oscillograph or digital storage oscilloscope.

A more detailed description of how the electronics were

handled to reduce noise may be found in Appendix II.

15



Experiments were performed to estimate the response

time of the thermocouple system. Temperature change due

to elastic deformation should be in phase and linearly

related to load changes. To test the response time fast

rising load pulses were applied to an unnotched specimen.

The resulting temperature and load data were examined for

evidence of delay of the temperature response with respect

to the applied load. No delay was detected for a 0.01 s

rise time load pulse which is the fastest pulse that the

testing machine could produce. The response time of the

system could not be determined. These experiments did

however demonstrate that the response time of the system

is less than 0.01 s.

In all the experiments performed in this investigation,

data were sought that were not significantly influenced by

conduction. The influence of conduction was detected by

noticing whether or not the temperatures changed when the

rate of loading was increased. Conduction was considered

eliminated when an increased loading rate no longer changed

the observed temperatures. For the unnotched specimens,

the lowest allowable frequency (sine wave) for which

conduction was negligible was 0.2Hz. For the notched

specimens and specimens with center holes, a load with

a rise time of 0.04 or less was found to be the slowest

16



allowable rise time to eliminate significant conduction

during loading. All the data in this report was

collected from tests performed at rates high enough to

eliminate significant contributions due to conduction.

17



SECTION III

THE RELATIONSHIP BETWEEN MECHANICAL

VARIABLES AND TEMPERATURE CHANGE

Quantitative temperature based stress analysis is

achieved by relating measured temperatures to mechanical

variables through an equation which is based on known

physics. 12,16 The derivation and experimental verification

of an equation suitable for this purpose will be discussed

in this section. An alternate derivation of a similar

equation is possible based on general thermodynamics. 2 3

The derivation presented is designed to provide a basis

for understanding subsequent discussions, and to emphasize

the assumptions involved. Experimental verification of

the equation is important for two reasons. First,

in measuring the small.transient temperatures many

misleading signals can be recorded (see Appendix II).

Correlation of measured temperature with temperature

predicted by thermoelasticity theory provides excellent

proof that temperatures are indeed being measured. Others

have experimentally demonstrated that thermoelasticity

theory accurately predicts temperature change for elastic
24

deformation. Second, for inelastic deformation the

assumptions used in deriving the equation may be violated

to greater or lesser degrees depending on the material
16

used, plastic strain amplitude, and mode of deformation.

18



It is therefore important to verify the accuracy of the

equation for each new material for the strain range and

mode of deformation anticipated.

3.1 DERIVATION OF THE EQUATION

Temperature changes occurring in mechanically deforming

metals can be thought of as being the result of three

different effects; heating or cooling resulting from

volume change associated with elastic deformation, heating

associated with plastic deformation, and thermal

conduction.

Purely Elastic Deformation

In 1851 Lord Kelvin12 proposed the following equation

which describes the temperature change associated with

elastic deformation.

36aKe
P 3Ct (1)

where

Ae = change in absolute temperature from

elastic effects

"e = absolute temperature

= coefficient of thermal expansion

K = bulk modulus

19



e = volume dilatation

c = specific heat

p = mass density

This equation is based on the equations of classical

elasticity and classical thermodynamics and therefore

should be very accurate. This equation predicts

temperature decrease for tensile normal stress increments

and temperature increase for compressive normal stress

increments.

Purely Plastic Deformation

In the following discussion four assumptions are used.

1. Strain may be separated into an elastic part and a

plastic part.

Et = E + Ee

where

E = small strain tensor, total straint

E = small strain tensor, elastic straine
E = small strain tensor, plastic strain

P

2. Plastic deformation occurs in an incompressible manner.

ep = 0

20



where

e- = plastic volume dilatation

using

e = KPe

and the first assumption,

e=e -KP=-KPp

where

P = pressure

e e = elastic dilatation

3. All plastic work is converted to heat.

4. The small strain assumption of classical elasticity

holds.

Numerous experiments have shown 1 5 ' 1 6 ' 3 8 that usually

considerably more than 90 percent of plastic work is

converted to heat. Applying the third and fourth

assumptions above the temperature change due to plastic

deformation is given by:

21



ST: dE

G = EPC for uniaxial loading

- hysteresis loop area (
specific heat/unit volume (2)

where

AO = change in absolute temperature from plasticp

effects

T = Cauchy stress tensor

Case of Combined Elastic and Plastic Deformation with

Conduction

The equation describing conduction in the presence of

heat sources is the following:

V2 e + 1 1 d6 (3a)

k Ddt

where

2
V = Laplacian operator

q = time rate of heat generation per unit volume

k = thermal conductivity

D = thermal diffusivity = k
pc

t = time

22



If a system undergoes a state change from an initial to a

final state, the temperature change can be found by

integrating the above equation. The resulting equation

is:

t d

e = e2 - 1 =e a+ DJ 2 bdt)
t1

where

q = heat generated during the state change.

Subscripts 1 and 2 will be used in this equation and

throughout this report to designate the values of variables

in the initial and final states, respectively.

The thermal effects of plastic and elastic deformation

may be superimposed and treated as heat sources as follows:

q = pc(Aee + Ae ) (4)e p

The equation describing temperature change during combined

plastic and elastic deformation is obtained by putting

Eq. (1) and Eq. (2) into Eq. (4) and then Eq. (4) into

Eq. (3), resulting in:

23



t 2 e
JTdEt 2

Ae = D A2 dt + pc pc e (5a)
tI e 1

Using assumption 2, the above equation can also be written

as:

t2 rTdE P
Ae = D V2edt + pdp 3 P (5b)

pc1 p

These two forms of Eq, (5) are the equations that will be

used to describe temperature change during elastic and

plastic deformation of metals.

There are two important implications of the above

equations. First, the conduction term is not directly

related to any mechanical variables and as such its

contribution to temperature change must be eliminated in

order to draw valid conclusions about the values of

mechanical variables implied by temperature change.

Second, it can be shown that any stress-strain path

beginning and ending at the same stress will have no net

temperature change contributed by elastic deformation.

This second point provides one way of distinguishing

plastic and elastic deformation.

24



3.2 EXPERIMENTAL VERIFICATION OF THE EQUATION

In all experiments in this section loading rates were

sufficiently high that temperature change by conduction

was negligible.

Verifying Equation C51 for Adlabetic Ela~stic Deformation

Four unnotched specimens were used for this series

of tests. These specimens were subjected to square wave,

triangular wave, and haversine wave loading in the elastic

range at frequencies ranging from 1 Hz to 25 Hz. From

each loading, plots of temperature vs. time, load vs.

strain were obtained. A typical example of the data

generated in this set of experiments is shown in Fig. 5.

For the case of uniaxial adiabatic elastic

deformation, the terms for conduction and plasticity are

dropped and Eq. (5b) becomes:

-e = ea (6)
cp

where

a = normal stress

It is apparent in Fig. 5 that the general shapes of the

load vs. time plot and the temperature vs. time plot are

the same, as the linear form of Eq. (6) implies they should
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be. Consistent with Eq. (6), Fig. 5 shows that a load

cycle beginning and ending at the same load results in a

temperature cycle beginning and ending at the same

temperature.

A comparison of experimental results with results

predicted using Eq. C6) is shown in Fig. 5. The solid

line in Fig. 6 is Eq. (.6), while the dotted line is a line

fit to the data by least squares. The slopes of the two

lines are the same within six percent.

The size of the scatter band in Fig. 6 is very nearly

equal to the noise level on temperature shown in Fig. 5.

In conclusion, Eq. (5) is verified for adiabatic elastic

deformation within experimental error. This agreement

with thermoelasticity theory which is known to be

accurate24 is important because it shows that the

temperature measurement system is functioning as intended.

Verifying Equation (5) for Adiabatic Plastic Deformation

The same specimens and wave forms were used in this

set of experiments that were used in the previous set

except that frequencies were kept below 5 Hz in order not

to exceed the frequency limit of the extensometers used.

The net temperature change was measured in adiabatic load

cycles beginning and ending at the same load level. For

a uniaxial load cycle under these conditions the conduction

term and thermoelastic term are zero and Eq. (5b) becomes:
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netp = _hysteresis loop area•net c -specific heat/unit volume 7

where

Ae net= net temperature change

c= axial plastic strain

A comparison of experimental results with results

predicted using Eq. (7) is shown in Fig. 7. The solid

line in Fig. 7 is Eq. (7), while the dotted line was fit

to the data by the least squares method. The slopes of

the two lines agree within twelve percent.

Examples of data from this set of experiments are

shown in Fig. 8 and Fig. 9. The general shape of the

curves in Fig. 8 and Fig. 9 can be explained using

Eq. (5b) and the fact that mild steel has a nearly flat

topped stress-strain curve. In accordance with Eq. (5b),

the two figures exhibit linear temperature decrease with

increasing tensile stress, temperature increasing with

little increase in load during nonstrain hardening

plastic deformation, and temperature increasing linearly

"with decreasing load on elastic unloading. It is worth

noting that the slopes of the elastic portions of Fig. 9

are within six percent of the values predicted using

Eq. (1).
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Verifying Equation (5) for Reversed Cyclic Loading

Experiments were performed using cylindrical A37 low

carbon steel specimens 65 mm long and 5 mm in diameter.

Cylindrical specimens were used in these tests because

they are easier to load in compression than are the thin

plates used in all other experiments. If thin plates

were to be used for reversed loading it would be necessary

to use guide plates to prevent buckling. Guide plates

would add the potential complication of heating due to

rubbing of the guide plates on the specimen. Using

cylindrical specimens the stress-strain curve was recorded

simultaneously with the temperature change. Using Eq. (5)

and the measured stress-strain curve, the temperature

change was predicted. A typical example of the data

collected in these experiments is shown in Fig. 10. In

this figure the temperature predictions of Eq. (5) and

the measured temperature are in good agreement.

This series of experiments shows that Eq. (5) is not

only valid for predicting temperature change from elastic

deformation alone or plastic deformation alone but also

that Eq. (5) is valid for predicting temperature change

when elastic and plastic deformation occur simultaneously.
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In summary, Eqs. (5a), and (5b) predict the general

shape and give reasonable quantitative values for the

temperature changes occurring during mechanical

deformation.
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SECTION IV

METHODS FOR SEPARATING ELASTIC
FROM PLASTIC DEFORMATION

In this section immediate advantage is taken of the

availability of the equations relating temperature change

and mechanical variables to analyze possible methods of

distinguishing elastic and plastic strains. The equations

developed in this report make possible the explicit

identification of assumptions necessary for distinguishing

plastic and elastic strains, and the quantitative

estimation of some of the limitations of various special

methods. This section also includes data illustrating

the use of at least one special case of each of the three

proposed methods. The major emphasis is in demonstrating

those techniques that the author will apply to notched

specimens.

Measurements of the scalar quantity temperature

change provides quantitative values of one or more

combinations of the following four scalars: dilatation

rate, magnitude of dilatation, specific plastic work,

and rate of specific plastic work.

Three different methods of distinguishing elastic

and plastic deformation are being proposed. For

convenience, the methods are referred to as follows:

the round trip method, the sign method and the magnitude

method. In discussing these three methods, adiabatic

conditions will be assumed.
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4.1 THE ROUND TRIP METHOD

Restriction: The stress cycle must begin and end with

the same value of the pressure:

1 + 0 + )

In any loading conforming to this restriction, the

net temperature change defined in Fig. 11 is equal to the

specific plastic work divided by the specific heat per

unit volume. This can be shown by discarding the

conduction term from Eq. (5b). Under this restriction,

the result is an equation identical to Eq. (2). This

method therefore provides the following information:

(1) it makes possible the determination of whether or

not plastic deformation occurred, and

(2) it gives a quantitative value of specific plastic

work using Eq. (7).

The ability to determine specific plastic work has

already been given in Fig. 3. In addition, the ability

to detect the occurrence of plastic deformation as in

Item (1) above appears to be excellent. In these

experiments, net heating was detected for plastic strains

as small as 0.0003.
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4.2 THE SIGN METHOD

Restriction: The value of -- is less than zero (i.e.,dt

normal stresses are becoming more tensile).

Under the above restriction, the sign of temperature

change from elastic deformation is negative while plastic

deformation always produces heating. This sign difference

provides a basis for distinguishing one from the other.

Case 1: Ideally elastic plastic material (flat top

yielding) - The application of Eq. (5a) shows that for an

ideally elastic plastic material the temperature vs. time

plot has a minimum which occurs when yielding first occurs.

Because of the minimum point, the pre- and postyield

temperature change can be distinguished. In the material

being discussed, the pre-yield behavior is entirely

elastic and the temperature change is given by Eq. (1).

The postyield behavior of such a material is mainly

plastic and the temperature change is given by Eq. (2).

It is therefore possible to obtain the following

information:

(1) the volume dilatation at any point during the elastic

portion of the deformation, using Eqs. (5b) and (5c):

- Acp 1 __pc

e 3c•K' or 3 (I + a2 + ay) p = Aepc
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(2) the instant at which yielding occurs which corresponds

to the minimum point on the temperature vs. time plot;

(3) the specific plastic work at any time after yielding

which may be determined using Eq. (2).

The determination of these three items can be

demonstrated experimentally using part of the data used

in verifying Eq. (2). The data chosen for this experimental

demonstration is limited in two ways. First, plastic

strains must exceed 0.002 in order to produce a clear sign

change. Second, the load must go from zero to maximum in

less than 2 s but more than 0.2 s to avoid drift and

electrical noise problems. For uniaxial deformation,

volume change is proportional to normal stress. It is

possible to verify Item (l) (volume dilatation) by

comparing stress change determined from temperature

measurement (value A in Fig. 11) with stress determined

from load cell data. In Table 2 temperature determined

stress is compared to load cell determined stress. Also

shown is the percent error resulting from using temperature

to determine stress. In computing the error, load cell

determined stress was assumed to be the correct stress.

The average error magnitude is six percent.

Item (2) (yielding) may be investigated by determining

the smallest plastic strain that can be consistently and
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unambiguously detected by the sign method. In these

experiments, plastic strains as small as 0.002 could be

detected.

To experimentally verify Item (3), the specific

plastic work was determined by measuring the temperature

change following the minimum point up until the point

where the maximum load was reached (value B in Fig. 11).

In Table 3, specific plastic work values determined from

these measured temperatures are compared to specific

plastic work values determined from stress-strain data.

Also shown are the error percentages of these values.

The average error is eleven percent. In every case the

temperature method results in an underestimation of the

value of specific plastic work. In summary, these

experiments demonstrate that within certain limits of

accuracy and resolution the sign method is capable of

providing the above described three kinds of information.

Case 2: power law strain hardening material - The

stress-strain behavior of the majority of metals under

cyclic loading can be described by the following stress-

strain relation.

a ir/n'
= - (8)
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n' = cyclic strain hardening exponent

k' = cyclic strength coefficient

E = the elastic modulus

The upper portion of Fig. 10 is a graphical representation

of this type of stress-strain relation. Eq. (8) is also

a good approximation for the monotonic stress-strain

behavior of some materials. Because power law strain

hardening is so common it is worthwhile to consider the

implications of such behavior to the use of the sign

method. In materials exhibiting stress-strain behavior

of the type shown in Fig. 11 strain increments consist of

both elastic and plastic components. At lower stress,

elastic strain makes up the major part of the strain

increments while at higher stresses plastic strain makes

up an increasingly larger fraction of the strain increment.

The time-temperature behavior for such a material when

undergoing tensile loading has a minimum point. The

minimum point is preceded by decreasing temperature

cesulting from the dominance of elastic effects and

followed by increasing temperature resulting from the

dominance of plastic effects. For such a material two

* methods of distinguishing elastic and plastic deformation

are possible depending on how much is known about the

strEass-strain behavior.
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The first situation is where the exact equation of

the stress-strain behavior is known as well as the starting

values of stress and strain. In this situation it would

be possible to calculate the stress-strain-path and get

the components of elastic and plastic strain. The

accuracy is limited only by the accuracy of Eq. (5) and

by the accuracy of the assumed stress-strain relation.

In the experiments of this report this approach was not

used. An idea of the accuracy that could be attained

with this method is gotten by considering the accuracy

with which Eq. (5) predicted the temperature changes in

Fig. 10.

The second situation is where nothing is known about

the stress-strain relation of the metal being studied. In

this case the stress-strain behavior can be assumed to be

ideally elastic-plastic. The values of mechanical

variables determined would of course be approximate.

For materials for which the constants in Eq. (5) and

Eq. (8) are known these two equations can be used in

conjunction to calculate the resulting error and also to

calculate the smallest detectable plastic strain. In

Appendix III the equations giving the smallest detectable-

plastic strain (Ep) the error in estimating the stress

present when the temperature minimum is encountered (El)
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and the error in estimating the plastic strain (E2) 'are

derived utilizing Eq. C5) and Eq, C81 Numerical values of

these quantities are calculated for several common metals.

The materials constants for these metals are given in

Table 4. The smallest detectable plastic strains which are

those existing when the time temperature curve is at a

minimum are given in the first column of Table 5. In the

second column of this table the percent error in estimating

the stress present at the minimum point on the time

temperature plot is given, The third column of Table 5

gives the expected error if the temperature increase

following the minimum is used to estimate the plastic

strain level for the case where the member has

experienced tensile plastic strain of one percent. The

values in the bottom row of the table are experimentally

determined values from the experiments described in

section 3.2. In calculating the errors from the

experimental values the measured stress and strain are

treated as correct.

The data in Table 5 indicates that the error resulting

"from assuming ideally elastic-plastic stress-strain

"behavior for a power law strain hardening material are

small enough to give useful approximate information.
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4.3 THE MAGNITUDE METHOD

Restriction: The maximum temperature increase due to

elastic effects cannot exceed some

prescribed value.

In this method, the net temperature change is recorded

at the completion of a cycle or cycles, and any

temperatures above a threshold temperature are interpreted

as being from plastic deformation. The choice of a

reasonable threshold temperature depends upon what is

assumed about the deformation being studied. The round

trip method is a special case of the magnitude method.

It is worth mentioning two other examples.

The first example is the case where continuous

fatigue cycling is applied. In such a case a quasi-steady

state temperature distribution develops. Conceptually, if

cycling is rapid enough, even small amounts of irreversible

deformation could result in temperature changes large

enough for positive identification as irreversible

deformation. As was the case with previous methods, this

method has certain limitations. One limitation is that

analysis of quasi-steady state data precludes observations

of short term transient phenomena. A second and more

important limitation is the lack of a mathematically

unique relationship between magnitude and spatial
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distribution of temperature change and the magnitude and

spatial. distribution of plastic deformation due to the

effects of conduction. However, this method has the

advantage of generating comparatively large temperature

changes. The usefulness of this method has been clearly

demonstrated elsewhere. 31-33

A second kind of magnitude method is based on the

fact that for any real material there is an upper limit to

the size of temperature increase that can be caused by

elastic effects in a single cycle of loading. The size

of the largest possible temperature increase can be

estimated from Eq. (l) if a yield criterion is assumed.

The assumptions of such a temperature estimation are made

conservatively enough to assure that the limiting

temperature can only imply plastic deformation. The

uniaxial experiments performed in the present investigation

suggest that a reasonable limit temperature for mild steel

is 1 C which corresponds to a plastic strain of about 0.01.

In the case of multiaxial deformation, the correct failure

theory combined with knowledge of the stress state would

have to be used to estimate the maximum temperature change

due to elastic deformation. Several failure theories

for general three dimensional stress states admit the

possibility of an infinite threshold temperature.
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In summary, this magnitude method cannot detect plastic

strains as small as the method previously discussed and

in the worst case detects no plastic strain. However, the

restrictions on the conditions for which this method may

be used are less severe than for any other method and in

some cases may represent a reasonable approach to

distinguishing elastic and plastic deformations.
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SECTION V

PLASTIC ZONE SIZE BASED ON TEMPERATURE DATA

The methods to measure temperature and interpret

such measurements in terms of mechanical variables were

developed in preceding sections. The usefulness of

temperature based stress analysis will now be explored.

In this section the use of temperature measurement for

the determination of plastic zone size will be discussed.

The determination of plastic zone size is important

in fracture mechanics to the equivalent crack length

concept, to defining the amount of plastic deformation

allowable in problems validly treated by linear elastic

fracture mechanics, and in understanding crack propagation

retardation by overload. A. Kfouri and K. Miller suggest

that plastic zone sizes play a decisive role in nonlinear
40

fracture mechanics. In addition, the measurement of

plastic zone size could be used to check the accuracy of

plasticity theory or finite elements solutions to

elastic-plastic notch problems.

The determination of plastic zone size from

temperature data will be based on the methods of

separating elastic from plastic deformation developed

in Chapter 4. This method of determining plastic zone

size was considered worth developing because it is a
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real time method, non destructive, comparitively

inexpensive, applicable to nearly all metals, usable for

both monotonic and cyclic zones and does not require the

use of an assumed failure theory.

As was previously discussed, methods of separating

plastic from elastic deformation involve assumptions.

Because of the possible uncertainty introduced by using

these assumptions this section is mainly concerned with

attempts to compare plastic zone sizes determined by

temperature measurement with plastic zones determined by

other methods. Both experimental and theoretical methods

are used for comparison. This chapter also discusses

measurements of large components of postyield time

dependent deformation which happened to be measured

while running the validation experiments for this section.

5.1 TECHNIQUES FOR USING TEMPERATURE DATA TO DETERMINE

ZONE SIZES

Plastic zone size may be determined by applying any

of the three previously discussed methods of separating

plastic from elastic strain to a series of locations in an

area where a plastic zone is expected. The plastic zone

is considered to extend over the area for which non-zero
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values of plastic work are detected. In this report only

the round trip and the sign method will be used. Before

applying these methods to the determination of plastic

zone size it is important to consider their validity for

the deformation field near a notch.

In the round trip method it is assumed that in a

complete load cycle the hydrostatic stress is the same

before and after the cycle. In notched members undergoing

local plastic deformation the residual stress state is

likely to change significantly when the load is first

applied or whenever the cyclic load amplitude changes.

Clearly, if the residual stress state changes during a

load cycle the assumption upon which the round trip method

is based can not be used. For this reason, the use of the

round trip method for the first cycle of loading or for

load cycles following load amplitude changes is not

recommended. During constant amplitude cycling the

residual stress levels change slowly if at all. The

sign method can be used for plastic zone size determination

for constant amplitude loading. Furthermore, for power law

strain hardening behavior typical of cyclic loading the

"round trip method can detect much smaller plastic strains

than the sign method (see Chapter 4).
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Valid use of the sign method requires that the

pressure be increasing monotonically. During the loading

portion of the load cycle this can only fail to happen if

there is local unloading due to load redistribution.

Unloading causes heating that would be mistaken for

plastic deformation. Unloading therefore only gives

unrealistic plastic zone sizes if the region that is

experiencing unloading has not already yielded. Unloading

in elastically deforming regions is unlikely except near
41

the zone edge. Unloading near the zone edge will

result in overestimation of the plastic zone size. This

overestimation is part of the inherent error of this

method. It is expected that the error from this cause

will not be very large. However, this error is one of the

chief reasons that this method should be verified using

other methods.

Figure 12 shows data from both the round trip method

(net heating) and the sign method (heating from tensile

plastic flow) plotted as a function of distance from the

notch root along the minimum cross section. The specimen

used had a single edge notch of the geometry shown in

Figure 1. Ten cycles of load giving a nominal stress in

the minimum cross section equal to 0.7 times yield stress

were applied. The solid line shows the temperature
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response on the first cycle and the dotted line shows the

response on the tenth cycle. Non-zero values of the

plotted temperatures indicate plastic deformation. The

plastic zone edge is taken to be wherever the temperature

change drops to zero. Several features in this figure

are worth noting. First, both the amount of heating and

the plastic zone size are much larger on the first cycle

than on the tenth. This difference is the basis for the

methods used in the assessment of residual stress in

subsequent chapters. Analitical solutions predicting a

difference between the first and all subsequent cycles

will be discussed in section 6.1 while experimental

measurements of this difference are described in

reference 8. Second, the plastic zone size based on net

heating data is significantly larger than that based on

heating from tensile plastic flow. Arguments presented

in the preceding section showed that the use of net heating

data to determine first cycle plastic zone size was not

completely valid. The difference between the more correct

plastic zone size based on the heating form tensile

plastic flow data and the zone size based on net heating

data suggest that the errors from using net heating data

on the first cycle are significant. Finally, the plastic

zone size for the tenth cycle is similar for both types
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of data as would be expected from two methods that both

should be valid for this type of zone.

In summary, the sign method should be used for the

first cycle of loading or whenever cyclic amplitude is

changing because the round trip method is of questionable

validity in such cases. The superior sensitivity of the

round trip method can be taken advantage of for constant

amplitude cyclic loading.

5.2 PLASTIC ZONE SIZES BASED ON TEMPERATURE DATA AND

OTHER METHODS

Temperature based plastic zone size determination

involves several assumptions. It is therefore desirable

to compare the plastic zone sizes determined from

temperature data with plastic zone sizes determined by

other methods. Unfortunately, none of the attempts to do

this were completely successful. However during these

investigations, valuable insight into some of the

limitations of the temperature based method was gained

and unexpectedly large amounts of postyield time dependent

deformation were recorded. The following description of

the difficulties encountered in trying to measure plastic

zone size by other methods is an excellent indication of

the need for a new technique for determining plastic zone

size such as temperature based stress analysis.
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There are two general classes of methods for

determining plastic zone size; methods based on measuring

total strain and methods based on measuring some

physical quantity directly connected with the physical

process of plastic deformation. Examples of the former

are strain gage methods, photoelastic coating and

holography. Examples of the latter are exoelectron

emission, chemical etching and microhardness. Strain

based methods involve the use of assumed failure theories

which creates certain problems as will be discussed later.

In an attempt to avoid failure theories two non-strain

based methods were tried, microhardness and chemical etching.

Plastic deformation of annealed metals usually

results in an increase in hardness due to work hardening.

Several experimenters have measured hardness as a function

of distance from a stress concentration and detected

hardness profiles which indicate the extent of the plastic

zone.3,
4 2 , 4 3
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Several notched specimens were given different heat

treatments designed to soften the mat material. It was

hoped that these heat treatments would excentuate the

difference between the hardness of the cold worked zone

and the surrounding material. In spite of these heat

treatments and careful mechanical polishing no variation

in hardness near the notch was detected. There are

several possible reasons for the failure to detect plastic

zones by this method.

1. Mild steel does not work harden at the

strain levels encountered.

2. Polishing work hardens the surface uniformly

thus masking the plastic zone profile.

Electro-polishing could perhaps eliminate

this problem.

The second attempt to determine plastic zone size

was through the use of Fry's reagent which has been shown

to turn plastic zones black in mild steel. 2'44'4 5' 4 6

The method is based on the increase in dislocation density

which occurs during plastic deformation. After straining,

the mild steel is aged at room temperature or higher to

get nitrogen to diffuse to the dislocations. The presence

of nitrogen on the dislocations makes areas of high dis-

location density subject to chemical action which blackens

those areas. A dozen or so edge notched specimens were

mechanically tested and their plastic zone size estimated
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using temperature based stress analysis. The notch root

section of each specimen was cut out and subjected to a

variety of postdeformation aging procedures ranging from

15 minutes at 250 C to 6 months at room temperature. The

notch root sections were mounted in plastic, polished to

the .05 micron alumina stage and etched in Fry's reagent.

Out of 12 specimens tested, only the three aged six months

at room temperature etched so as to reveal their plastic

zone. The zones revealed were extremely narrow (a few mm)

and two to three times as long as indicated by temperature

based stress analysis. It was also noticed that before

polishing and under oblique light the plastic zone could

be seen as a slightly depressed area on the surface of

the specimen. The zone size and shape seen under oblique

lighting was very similar to that revealed by etching.

Clearly, the etching and oblique lighting results

were in sharp disagreement with the results of temperature

based stress analysis. Two reasons for this disagreement

were apparent. First, the thermocouples were located on

a line centered at the notch which was perpendicular to

"the edge of the specimens while many of the zones were not

centered exactly at the notch root. The thermocouples in

many cases missed the zone. Second, under oblique lighting

it could be seen that the zone in many cases was made up

not of an area of plastic deformation but of narrow lines

of plastic deformation presumed to be Luders bands. These
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lines nearly always missed the thermocouples. In

addition, the rate of conduction away from such a thin

(1 mm or less) heated zone would be extremely rapid, perhaps

rapid enough to make the zones undetectable.

In summary, the etching method turned out to be

unreliable for the mild steel studied. Two specimens

treated in nominally identical manners will not necessarily

both etch properly. In addition, 6 months of room

temperature aging is excessive for practical reasons.

The etching results do conclusively show, however, that

for long thin zones consisting of individual deformation

bands, the temperature based determination of zone sizes

using only four thermocouples was not successful. To

handle such zones one would require an extremely fast

field temperature measurement technique.

5.3 PLASTIC ZONE SIZES BASED ON TEMPEPFATUPE DATA AND

COMPUTER SOLUTION

This section compares the monotonic plastic zone size

determined from temperature based stress analysis with a

computer solution based on the elastic stress distribution.

The elastic stress distribution used is that of an

elasticity solution by Howland.36 The computer
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solution is based on ideal elastic plastic stress-strain

behavior (flat topped) and takes into account the

redistribution of stress caused by yielding.

The preceding non-strain based experiments were not

successful partly because the edge notched specimens had

zones of a shape that temperature based stress analysis

could not handle very well. In an attempt to avoid this

problem the remaining experiments of this section were run

using rectangular specimens with single circular center

holes (see Fig. 1). This specimens geometry was

selected for several reasons. First, a theoretical

solution for the elastic stress distribution of this

geor~etry is known. 3 6 The elastic stress distribution

can be used to estimate plastic zone size and provide

a comparison for temperature based determinations.

Second, the zone expected based on the elastic stress

distribution is fairly wide which will help to avoid the

problem of the plastic zone missing the thermocouples. It

was also hoped that a wider zone would be less likely to

form as isolated Luder bands.
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The diameter of the circular center hole was

chosen to be exactly one-fifth of the width of the plate

so that the elasticity solution could be used without

having to interpolate for any of the coefficients
invoved36

involved. 3 All specimens were tested with four

thermocouples mounted along the minimum cross section.

The location of the thermocouples was chosen so as to best

detect a plastic zone of the size expected for each

particular test.

A simple solution based on the elastic stress

distribution is obtained by defining the zone edge to be

those points in the elastic stress distribution where

the criterion for yielding is just reached. Such an

approach results in the stress distribution ACD of Fig. 13.

In this simple solution the equilibrium in the axial

direction is violated by an amount proportional to area

ABC in Fig. 13. The solution developed in this report

is based on an iterative procedure which redistributes

this load. There is no unique manner in which this load

can be redistributed. In this work the load is

redistributed so that in addition to satisfying

equilibrium, the assumed stress distribution beyond the

edge of the plastic zone is given by the elasticity

solution with the nominal stress suitably adjusted so that
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equilibrium is satisfied. The effect of considering the

redistribution of load is shown in Fig. 14 where the

plastic zone size based on maximum shear stress theory

is plotted vs. the applied stress divided by the yield

"stress. The solid line is the solution which takes

account of the load redistribution while the broken line

ignores load redistribution. It is clear from the figure

that for larger zone sizes the two solutions are quite

different.

In Fig. 15 two computer solutions that both account

for load redistribution are compared with the results of

temperature based stress analysis. One of the two

solutions is based on maximum shear stress theory while

the other is based on octahedral shear stress theory.

Temperature based stress analysis was interpreted using

the sign method and resulted in determination of the

plastic zone edge as lying between two thermocouples.

It is worth pointing out that with temperature measurement

at a few additional locations it would be possible to

extrapolate the temperature data to the zero temperature

change location and determine the plastic zone size much

more precisely. In Fig. 16 the vertical bars indicate

the range of possible zone sizes determined by temperature

based stress analysis. The figure shows that for zones
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larger than 3 mm the temperature determined plastic zone

sizes agree with the zone sizes predicted by octahedral

shear stress theory and are slightly less in some cases

than the zone sizes predicted by maximum shear stress

theory. The smallest zone determined from temperature

data is smaller than that predicted by either theory. In

light of the fact that there is scatter in the yield

strength of this material and the theoretical solution

is approximate, the data in the figure supports the

contention that the temperature determined zone sizes

are approximately correct. The lack of agreement at the

smallest zone size suggests but does not prove that for

a specimen loaded to .6 of minimal yield there is either

not enough plastic strain to produce easily measured

temperature increase or that conduction is so rapid away

from the zone that the full size of the zone is not

detected.
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SECTION VI

TIME DEPENDENT RELAXATION OF RESIDUAL

STRESSES IN NOTCHED MEMBERS

In the preceding sections evidence supporting the

feasibility and validity of temperature based stress

analysis was presented along with the results of attempts

to use the method for the determination of plastic zone

size. The purpose of this chapter is to demonstrate

that temperature data can also be used to ascess the

degree of stress relief in notched members.

When a notched member is loaded to a stress high

enough to produce local plastic deformation residual

stresses are produced in the region of the notch. Tensile

overloads are known to produce compressive residual stresses

while compressive overloads are known to produce tensile

residual stresses.

The problem being studied in this section will be

limited to time dependent relaxation of residual stresses

in overloaded members with finite root radius notches.

The study of stress relaxation in members with finite

width notches should provide insight into the residual

stress effects in "infinitely sharp" propagating fatigue

cracks. However, to avoid confusion it is important to
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make a distinction between the problem of sharp fatigue

cracks and the finite width notches being investigated in

this report.

The main significance of compressive residual stresses

produced by tensile overload is in the fatigue of notched

members. A notched member subjected to a large tensile

load and subsequently cycled at a lower load level will
47-51

exhibit an extended fatigue life. Typically, the

fatigue life may be extended by a factor of three to five.

The effect of a tensile overload on fatigue can be

subdivided into two major effects.

First, any large strain cycle will produce a certain

amount of damage of its own. It has been demonstrated

that a single large cycle when no residual stresses are

present causes an amount of damage exceeding that which

would be expected from the Palmgrem-Miner linear damage
52

rule. It has been suggested that this is so because

overload initiates cracks that can be propagated at lower

52
stresses.

Second, tensile overloads produce compressive

residual stresses which act to lower the mean stress of

the subsequent smaller load cycles.

It has long been known that lower mean stresses

result in longer fatigue lives. There is considerable
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experimental evidence that residual stresses effect

fatigue lives in a manner explainable in terms of mean

stress effects.53 It is apparent from the fact that

tensile overloads lengthen the fatigue life of notched

members that the mean stress effects are more important

than the damaging effect associated with the overload

itself.

The picture just presented of the effect of overload

has been deliberately simplified in order to establish

the basic situation. Compressive residual stresses are

not always permanent. There are two major causes for

their relaxation, one of which the present investigation

considers in detail.

Residual stresses can be relaxed by the action of

repeated plastic straining in a process called cyclic
48

dependent relaxation. Because of this relaxation, the

effect on fatigue-life of multiple overloads is often

much greater than single overloads. 4 8 Multiple overloads

continuously reintroduce the residual stresses that cyclic

plasticity remove. The occurrence of cycle dependent

relaxation of residual stresses depends on the plastic

strain amplitude in a manner which is still a subject of

controversy.48,54 It can be said, however, that the extent
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to which this phenomenon occurs varies greatly from case

to case depending on plastic strain amplitude and is not

always a major consideration.

Residual stresses can also be removed by heating in a

process called stress relief. Many engineering structures

are subjected to temperatures for which various degrees of

stress relief occur. Because of the effect of residual

stresses on fatigue life it is important to know whether

or not such stress relief is taking place.

Several investigators have studied the possibility of

time dependent relaxation of overload produced residual

stresses. In the investigation of aluminum two different

investigators failed to show any relaxation effect from

room temperature rest periods. 5 5 ' 5 6  In contrast to these

results Simkins and Neulieb showed considerable evidence

of time dependent relaxation of residual stresses at room

temperature when compressive loads were applied during

rest periods. 5 7 The most dramatic evidence of residual
51

stress relaxation is in the investigation of Imag. In

this investigation titanium was stress relieved at temperatures

between room temperature and 290 C for periods between

20 s. and 30 days. These tests showed that at high

temperatures the beneficial effect of tensile overload

was reduced but not entirely eliminated by the annealing.
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Photomicrographs showing microstructure were employed to

attempt to show that the heating did not affect the

microstructure. All of these investigators used change

in fatigue life to assess the effect of overloads and

annealing.

Before discussing the present study of stress relief

it is important to recognize that in attempting to stress

relieve a metal by heating a host of mechanical and

metallurgical property changes may take place. Property

changes caused by heating form the basis of the heat

treatment of metals, which is one of.the cornerstones of

modern metallurgical practice. Stress relief heat

treatments are often carried out at temperatures low

enough that basic property changes may be small. However,

it cannot be depended upon that an arbitrary stress relief

heat treatment will not effect any properties other than

the residual stress level. As a result of possible

compound effects from stress relief heat treatments it is

important to conduct experiments in such a way that the

various effects of stress relief can be separated.

The lack of apparent change in microstructure is not

always sufficient to prove the absence of change in

mechanical behavior. In-an experiment of Sandor's using

unnotched mild steel specimens, fatigue lives were
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extended by a factor of 100 and the yield stresses raised

with no observable miscrostructural changes. 5 8

The assessment of residual stress level by temperature

based monitoring of notch root stress-strain behavior is

a total departure from the usual method. Compared to

using fatigue life as a measure of residual stress level

it has the advantages of using only one specimen to

evaluate several stress relaxation heat treatments and

without requiring lengthy fatigue life tests.
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6.1 THEORETICAL BASIS FOR ASSESSING RESIDUAL STRESSES

USING TEMPERATURE DATA

It was pointed out in the section on plastic zone size

determination that the notch root stress-strain response

of the first cycle is very different from that of

subsequent cycles. Both the plastic zone size and the

plastic strain amplitudes are larger on the first cycle

compared to all other cycles. The assessment of the

residual stress state using temperature data exploits this

difference. Specifically, this assessment is based on the

following assertion:

The difference in near notch stress-strain response

between the first and all subsequent cycles is

largely due to the residual stresses produced by

the first cycle. A good measure of the degree of

stress relief is the degree to which the first

cycle notch root stress-strain response is restored

by a given stress relief heat treatment.

For the above statement to be true the following assumption

must hold.

The stress-strain response of the material following

stress relief must be approximately that of the

virgin material.
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The mild steel used in this investigation obeys this

assumption particularly well in that heat treatments at

temperatures as low as 150 C are sufficient to restore

the sharp yield characteristic of the virgin material.

The near notch root stress-strain response was

assessed by examining the two temperature quantities, the

heating from tensile plastic flow and the net heating (see

Fig. 11). When other variables are held constant these

two temperature quantities are monotonically increasing

with plastic strain amplitude. Exceptions to this will

be discussed later. To provide a theoretical basis for

the correlation of the two temperature quantities with

residual stress level it is sufficient to show that the

near notch root plastic strain amplitude is a monotonically

decreasing function of compressive residual stress level.

This monotonic dependence cannot be easily shown for a

completely general case. However, examination of several

specific solutions for the cyclic plastic deformation of

cracked members lends much credence to this notion which

is certainly strongly supported by physical intuition.

Residual stress does not appear explicitly in the

existing solution for cyclic notch root strain amplitude.

In order to use these solutions to understand residual

stress effects it is necessary to establish a relationship

between variables explicitly appearing in these solutions
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and residual stress. The following few paragraphs will

establish a relationship between effective yield strength

and residual stress. Once this relationship is

established it will be possible to examine expressions

for plastic strain amplitude and determine the effect of

residual stress change by noting the effect of changes

in yield strength.

Three solutions for crack tip plastic deformation

will be examined. 5 9 ' 6 0 The relationship between residual

stress and yield strength in these solutions can be

understood by examining some of the details of these

solutions. All three solutions follow the general scheme

shown below.

S= f (P,ay, Geometric terms)

E2 = EI -f (AP, 2ay, Geometric terms)

AE = E2 - E1 = f (AP, 2cy, Geometric terms)

where

1. 1 = Strain for the loading portion of the first cycle

S 2 = Strain for the unloading portion of the first cycle

As = Strain amplitude for unloading part of first cycle

and all subsequent cycles
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AP = Amplitude of load change

It is apparent from the above that for pulsating tension

(R = 0) where AP = P the difference between the near notch

root strain amplitude on the first application of load and

on subsequent cycles is due solely to the fact that in

calculating all cycles other than the first the yield

stress is doubled.

The reason for doubling the yield strength can most

easily be understood by considering the case of reloading

after at least one previous load cycle. There exists at

this point in the load history a compressive residual

stress field near the notch root. In general, the stress

excursion necessary to yield a material starting from a

compressive stress is greater than when starting from a

zero state of stress. In the theoretical solutions under

consideration the material was assumed to be an ideally

elastic-plastic material with the same yield strength in

compression as in tension. For this materialbehavior

the notch root residual stress at the end of the unloading

cycle will be equal to the compressive yield stress.

The stress .excursion to yield the material in

tension upon reloading is therefore equal to twice the

yield strength. Generalizing from these solutions, the

difference in notch root response between the first and
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all other cycles is due to the residual stress state's

effect on the stress excursion necessary to produce

yielding upon reloading. If residual stress is removed

while all other variables are left unchanged the effective

yield strength upon reloading will be decreased by an

amount exactly equal to the amount of residual stress

removed. The effect of a change in residual stress

levels can be determined from theoretical solutions by

determining the effect of a change in the stress excursion

necessary to produce yielding. For ideally elastic-plastic

stress-strain behavior, a change in the stress excursion

necessary to produce yielding is the same as a change in

the yield strength.

The solutions of three different notch root geometries

were examined to determine the effect of decreasing the

yield strength on niear notch root plastic strain amplitude.

The effect of yield strength reduction was just shown to

be related to the effect of stress relief. Two of the

geometries examined were solved by Rice.59 These

geometries were an infinite plate with a finite center

crack in simple tension and a semi-infinite plate with

an edge notch opened by a wedge load. The third geometry

examined was solved by Hult and McClintock. 6 0  This

problem consisted of a very shallow circumferential notch
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in a torsional member. Rice's solution utilizes rigid,

fully plastic stress-strain behavior in the notch region

while Hult and McClintock use linear elastic, fully

plastic stress-strain behavior throughout the member.

Rice's solutions involve solving a specially posed

elasticity problem while Hult and McClintock have solved

a problem combining an elasticity solution and classical

plasticity. Rice's solution gives a quantity which is

a direct measure of plastic strain amplitude while the

solution of Hult and McClintock gives the value of the

total strain. The total strain in Hult and McClintock's

solution can easily be related to the plastic strain.

The total strain is equal to the plastic strain. The

total strain is equal to the plastic strain plus a

constant. In spite of the differences between these

solution methods all three geometries yield a solution

for the notch root plastic strain in which the strain

amplitude monotonically increases as yield strength

decreases. It is worth noting that in Rice's solutions

the increase in plastic strain amplitude is not merely

monotonic but also linear with decreases in yield

strength.

The solutions just discussed are based on idealized

stress-strain behavior for geometries different from the

geometry tested in this thesis. In spite of the differences
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the qualitative notions reflected in these solutions should

be applicable to the notched members studied in this thesis.

These solutions are presented to show that the idea that

notch root strain amplitude increases with decrease in

residual stress level is supported by available

theoretical results.

The correlation of residual stress level with notch

root heating depends on notch root heating monotonically

increasing with decreasing residual stress level. Notch

root heating increases monotonically with plastic strain

amplitude for most situations. The monotonic increase in

plastic strain amplitude with the decrease in residual

stress suggests that the correlation will be successful.

There are certain complications to these arguments being

used to justify this correlation that should be

considered. An important limitation on the applicability

of this correlation will become apparent when these

complications are considered.

There is a net temperature change associated with

the thermoelastic term in Eq. (5) whenever residual

stresses are created. This is due to the fact that the

stress undergoes a net change in its value during such a

cycle. This elastic effect will increase the net heating

when compressive residual stresses are created and

decrease the net heating when tensile residual stresses
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are created. The experiments in this chapter involve the

removal of compressive residual stresses and subsequent

reintroduction of the stresses upon reloading. The elastic

effect from the reintroduction of compressive residual

stresses increases the net heating for that cycle. The

monotonic increase in net heating with the decrease in

residual stress is preserved for this case. The removal

and reintroduction of tensile residual stresses would have

the opposite effect and could upset the monotonic increase

of net heating with decrease in residual stress level.

The use of net temperature change data is therefore not

recommended for the study of the relief of tensile residual

stresses.

Most metals exhibit strain hardening path dependent

stress-strain behavior under repeated loading. No

theoretical solutions for repeated loading of notched

members made of such materials were found. However, a

solution for the monotonic loading of power law strain
61

hardening material is available. This solution

shows that for power law strain hardening the notch root

strain amplitude increases as yield strength decreases.

This result suggests that for a complete cycle the desired

monotonic increase in notch root strain amplitude with

decreasing residual stress will hold for strain hardening

materials.
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In summary, the detection of residual stress relief in

notched members is based on a correlation between notch

root heating and residual stress level. For the

correlation to be good the notch root heating must

change monotonically with residual stress level. The

interpretation of theoretical solutions for cyclic stress-
C

strain behavior of cracked members supports the contention

that the relationship is monotonic. Consideration of

various complications suggests that temperature based

assessment of the degree of stress relief in the case of

tensile residual stresses may not be valid. Temperature

based assessment of stress relief is therefore recommended

only for the case of compressive residual stresses.

6.2 EXPERIMENTS AND RESULTS

The purpose of this experimental program was to demon-

strate the Validity of the proposed method of assessing the

degree of stress relief. In the experiments of this section

either edge notched or unnotched large rectangular specimens

were tested. As was discussed in the preceding section it
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was desirable to minimize any mechanical property changes

caused by the stress relief heat treatments. To help

accomplish this all specimens used in this section were

given an initial heat treatment at a temperature higher

than the highest temperature used in subsequent stress

relief experiments (650 C). It was hoped that the

initial heat treatment would promote any changes that

were likely to occur in the mechanical properties before

the stress relief experimental program began.

A square wave load pulse with a hold time of 0.1 s

and a rise time of 0.02 s was used in all tests of this

section. The load amplitude in most tests was sufficient

to produce a nominal stress in the minimum cross section

equal to 70% of the nominal yield strength. A few tests

were run with the stress equal to 68% of the nominal

yield stress. In all tests of notched members the notch

root response as indicated by temperature did not change

after three cycles. The tenth cycle response was used
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as representative of the cyclic notch root response

throughout this report.

The procedure in assessing residual stress from

temperature data is as follows. Each specimen was

subjected to ten cycles of square wave loading. The

temperature response at the notch root and at several other

locations along the minimum cross section was recorded

during the first, third, and tenth.cycle. This data

characterized the virgin specimen behavior. Following

this testing the specimen was subjected to some sort of

stress relief heat treatment. The post stress relief

mechanical behavior was then determined by a ten cycle

mechanical test identical to the one used before heat

treatment. The degree to which an edge notched specimen

notch root stress-strain response was restored to that of

a virgin specimen was determined from temperature data taken

on the first cycle following heat treatment. The degree of

restoration was used as a measure of the degree of stress

relief.

There was considerable variation in the first cycle

temperature response of different specimens. In order to

compare the degree of restoration of different specimens

the degree to which the virgin specimen response restored

was computed as a percentage. For convenience, this

percentage will be referred to as the percent restoration.

The percent restoration is defined below.
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AT. is AT 10S
AT 1 T -AToV

where

PR = Percent restoration

AT = A temperature change parameter measured on the

first cycle for the virgin specimen

AT ov A temperature change parameter measured on

the tenth cycle of loading of the virgin

specimen

AT l A temperature change parameter measured on

the first cycle following stress relief

AT = A temperature change parameter measured on

the tenth cycle following stress relief

The same temperature change parameter was used when

calculating any given value of percent restoration.

Percent restoration was calculated for either net

heating or the heating from tensile plastic flow, both
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defined in Fig. 11. The percent restoration was defined

in such a way as to partially compensate for changes in

mechanical properties. For example, any stress relief

heat treatment that strengthened the material would make

both ATTsl and ATs 1 0 smaller but would have a lesser effect

on their difference which appears in the definition. The

tenth cycle response of the virgin specimen and the

specimen after heat treatment are in general nearly

equal which indicates little change in mechanical

properties due to heat treatment.

The validity of using temperature to monitor residual

stress levels will be supported in two ways. First, all

arguments for the uniqueness of the correlation of

residual stress and temperature are based on an assumption

that the heat treatments used do not substantially change

the mechanical properties of the specimens. This

assumption was checked experimentally. Second, the

correlation of residual stress level with measured

temperature response of the notch root was directly

shown by correlating residual stress levels determined

by hole drilling methods with the measured temperature

response.
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Experiments to Verify that Stress Relief Heat Treatments

do not Change Mechanical Properties

The primary means normally used to determine the

effect of heat treatment on the stress-strain behavior 1 5 is

monitoring of the stress-strain behavior, both before

and after heat treatment. Unfortunately, there is no

easy way to directly measure stress in the vicinity of

the notch root. The best that can be done is to

measure the stress-strain behavior of a companion unnotched

specimen subjected to the same strain history as the notch

root and assume that its behavior is a good approximation

of the behavior of the notch root. Usually the strain in

the companion and notched specimen are matched using

strain gage data. The use of strain gages at large

(> .5%) strain ranges requires extensive, questionable

calibration procedures. 62 In the tests carried out here

the strain history was matched using notch root

temperature data.

A 400 mm x 76 mm x 1.95 mm unnotched specimen from

heat treatment 6 was subjected to reversed cyclic loading

designed to simulate the stress-strain history at the

notch root of the specimens used in the stress relaxation

experiments. To simulate the fully reversed loading that

occurs in the notch root guide plates (see Fig. 3) must

be used to prevent buckling during compressive loading.
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The stress-strain histories were matched by approximately

matching the temperature vs. time behavior of the

unnotched specimen to the notch root. After cycling,

the specimen was subjected to a one hour heat treatment at

650 C and then cycled again. The first cycle stress-strain

response of the specimen showed that the discontinuous

yield behavior destroyed by cycling was restored by the

heat treatment Cseee Fig. 16). The stress-strain hysteresis

loop shapes before and after heat treatment were very

nearly identical. This specimen was subjected to a second

heat treatment of one hour at 150 C and tested monotonically.

Again, even after 150 C heat treatment the sharp yield

behavior was restored. The monotonic yield strength did

not appear to be dramatically affected; being 312 Mpa

for the virgin specimen, 305 Mpa after 650 C heat

treatment and 338 kMpa after the 150 C heat treatment.

It is apparent that the only mechanical property change

produced by the heat treatment was an increase in the

yield strength following 150 C heat treatment. This

increase mry not be valid in terms of notch root behavior

because by this time the unnotched specimen had accumulated

a net elongation of 8 percent which is probably not

possible for a notch root region surrounded by the bulk

of the specimen which is behaving elastically. This

unrealistically large strain would be likely to work

harden the specimen and produce an unrealistic rise in
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the yield strength, However, even without dismissing

this increase in yield strength there was no change in

mechanical properties sufficiently large to explain the

nearly three fold increase in notch root heating following

complete stress relief. Furthermore, the mechanical

changes observed were increases in yield strength which

would produce a decrease, not an increase, in the notch

root heating. This change is the opposite of what is

observed, indicating that the dominant effect of the heat

treatment used is not explainable in terms of mechanical

property changes and therefore must be due to the effect

of the removal of residual stresses as claimed.

Metallography was also used to help guard against

property changes caused by heat treatment. The chief

reason for employing this technique in addition to the

companion specimen method was that it is far less time

consuming and therefore more suitable for routine use.

The notch root sections of most specimens used in the study

of stress relief were examined using optical metallographic

techniques. Specifically, a Nital etchant was used to

reveal microstructure. Before the experimental program

was started experiments were done to determine at what

temperature obvious microstructural changes took place

so that all tests could be done below this temperature.
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It was found that above 680 C the material recrystallized

from its original grain size ASTM 8 t2048/mm2 ) to a grain

size of ASTM 0 (8/mm2). This radical change in grain size

would be expected to produce radical changes in mechanical

properties and should be avoided. The recrystallization

temperature depends on the amount of prior cold work and

for this reason it is not possible to predict from these

auxiliary tests at what temperature the notch root

regions would recrystallize. For this reason, the notch

root regionsof representative specimens used in the stress

relief experiments Were examined metallographically to

guard against recrystallization or other changes. In all

the examinations made no microstructural changes were

observed.

Direct Correlation of Residual Stress and Temperature

Change

This group of experiments was designed to directly show the

correlation between measured residual stress and notch

root temperature change. Residual stresses were

determined by the hole drilling methods of Soete and Van-

crombrugge. 6 3  Before discussing this correlation it is

important to understand the limitations of the hole

drilling method.
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The hole drilling method is based on measuring the

strain produced when residual stresses are relieved by

drilling a hole. This method relies on a number of

assumptions which are not strictly applicable to this

test. The assumptions that are least adhered to in this

case are:

1. The plate is infinite compared to the size of

the hole. In this test the hole was 1.59 mm in diameter

located 4.71 mm from the notch root. This assumption is

not seriously violated in that the hole is over three

diameters from the free edge.

2. The residual stress does not vary through the

thickness.

3. The direction of the principal stresses are

known. The principal directions are assumed to be

horizontal and vertical.

Four specimens were loaded for ten cycles as in all

other tests. Each specimen was subjected to a different

stress relief heat treatment designed to produce different

amounts of residual stress relief. The heat treatments

used were respectively; no heat treatment, heat treatment

for 1 hour at 260 C, 1 hour at 465 C and 1 hour at

650 C. The residual stress level was then determined
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for each specimen by hole drilling. Nominally identical

specimens were subjected to the same loading and heat

treatments and their notch root stress-strain response

determined in a second round of mechanical testing. In

Fig. 17 the percent restoration of the first cycle notch

root temperature response vs. the residual stress level

measured in nominally identical specimens is plotted.

The data forms a straight line. The solid line in

the figure was fit by least squares. The degree to which

the data fits the straight line is remarkable considering

the experimental scatter that will be apparent in similar

data shown later. This figure provides strong evidence

that residual stress level is correlated with notch root

temperature response. It is worth noting that the linear

relationship between residual stress level and percent

restoration is in agreement with the theoretical results

of Rice.61 This correlation can be used to get estimates

of residual stress levels from temperature data.

In summary, the key assumption in claiming a

correlation between measured percent restoration and

residual stress is that no large mechanical property

changes take place. The experiments performed support

the validity of this assumption. Other experiments show

that there is a good linear correlation between residual
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stress level and the percent restoration. This not only

directly supports the premise upon which the temperature

based assessment of residual stress is based but also

suggests that the theoretical results of Rice are

reasonable for this geometry.

SECTION VII

SUMMARY OF MAJOR FINDINGS

1. A temperature measuring system which is capable

of measuring temperature changes smaller than 0.1 C

occurring in times shorter than 0.01 s can be built using

thermocouples welded directly to the specimen.

2. A quantitative relationship between temperature

change and mechanical variables was described (Eq. C5)) and

shown to be valid for purely elastic deformation, purely

plastic deformation and strain hardening stress-strain

behavior combining both elastic and plastic deformation.

The accuracy of the equation was generally better than

10%.

3. Three methods of distinguishing elastic from

plastic deformation were proposed and experimentally

demonstrated. These three methods supply the following

types of information:
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(A) Round trip method

(al Detects plastic deformation. For mild

steel, plastic strains as small as 0.0003

were detected.

(b) Determines values for specific plastic work.

(BI The sign method

(a) Determines approximate values of volume

dilatation for the elastic portion of

deformation; from which pressure

may be determined.

(b) Detects plastic deformation. For mild

steel, plastic strains as small as 0.002

were detected.

Cc) Determines approximate values of specific

plastic work at any time during the cycle.

(C) The magnitude method

(a) Detects the presence of plastic deformation.

For uniaxial single load cycles in mild

steel, plastic strains as small as 0.01

were detected.
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4. The first two methods described in item three were

applied to the determination of plastic zone size. For the

particular edge notched specimens (see Fig. 1) tested this

determination was not successful possibly because:

A. The zone was narrow and often missed the

thermocouples

B. The zone was made up of many very narrow

deformation bands that lost the heat

produced by plastic deformation too rapidly

to be detected.

5. Results based on the elastic stress distribution

of a finite width plate with a circular center hole

suggest that identifying areas of plastic deformation as

ateas in which the axial strain exceeds the uniaxial yield

strain may result in large errors when estimating plastic

zone size.

6. Comparison of the plastic zone size predicted for

the elastic stress distribution with the plastic zone size

determined from temperature based stress analysis for

finite width plates with circular center holes shows that

for this geometry temperature based stress analysis gives

plastic zone sizes that are approximately correct.
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7. The results of stress relief experiments suggest

that the large difference between the notch root stress-

strain response on the first cycle and all other cycles

was mainly due to the residual stresses created on the

first cycle.

8. When overloaded notched members were stress

relieved the magnitude of the notch root heating resulting

from reloading was partially restored to the value

characteristic of the virgin specimen. Data for mild

steel showed that the degree of restoration computed as

a percentage (see section 6.2) is approximately equal to

the percentage of the residual stress removed by the

stress relief heat treatment used.

SECTION VIII

CONCLUSIONS

A useful technique of stress analysis based on

temperature data has been demonstrated. The single most

important capability of this method is its ability to

distinguish plastic from elastic deformation. The method

has the additional advantages of being a nondestructive,

real time method for which the detector life under cyclic

loading usually exceeds the specimen life.
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Quantitative stress analysis from temperature data is

only possible if the temperature data used does not include

changes due to conduction. The temperature based stress

analysis system developed in this thesis uses a temperature

measuring system which is fast enough to collect adiabatic

temperature data. This temperature measurement

system based on thermocouples welded directly

to the specimen was found to be both fast enough and

sensitive enough to measure the necessary temperature,

An equation that was synthesized from known physics was

experimentally demonstrated to be capable of relating

measured temperatures to mechanical variables.

In experiments on the determination of plastic zone size

it was concluded that for the specimens with sharp edge

notches temperature based stress analysis utilizing

thermocouples was not successful but for a plate with a

center hole the technique was successful.

The experiments of this thesis suggest one additional

conclusion not directly related to temperature based

stress analysis. First, that the large difference between

the notch root stress-strain response on the first cycle

and all others is largely due to the residual stresses

created on the first cycle.
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The work presented establishes a basis for temperature

based stress analysis. Two of perhaps many potential

applications were explored. The thermocouple system used

to demonstrate the method is not necessarily the ultimate

measurement system but rather a sensible system to use in

demonstrating the temperature based stress analysis. The

employment of other better temperature measuring systems

either existing or those yet to be developed can only

expand and improve the capabilities of the method.
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Fig. 5. Temperature Change Caused by
Elastic Deformation.
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Fig. 6. Temperature Change Caused by Elastic
Deformation vs. Stress.

89



0 Experimental
0 - Theoretical

CM 2 --- Least Square

E
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0 2 4 6 8 10
Specific Plastic Work, MPa

Fig. 7. Temperature Change Caused by Plastic
Deformation vs. Specific Plastic Work.
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E

iD

355 MPa 1.8 0 C

Plastic Strain = 0.83 %

A Loading - Elastic Cooling

B Plastic Heating
C End of Plastic Heating
D Unloading-Elastic Heating
E Steady State After Load Cycle

Fig. 8. Temperature Change Caused by Elastic-Plastic
Deformation.
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Fig. 9. Stress vs. Temperature Change for the
Load Cycle of Fig. 8.
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"Fig. 10. Temperature Change Caused by
Reversed Cyclic Loading.
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Fig. 11. Values Extracted from Time
Temperature Plots.
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Fig. 12. Temperature Change vs. Distance
from Notch Root.

95



C,)
B

Cr
F-
UJ

M A
0z

iD

IL

DISTANCE FROM HOLE CENTER ALONG
MINIMUM SECTION

Fig. 13. Assumed Stress Distribution in a
Plate with a Hole.
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Fig. 14. Theoretical Values of Plastic Zone Size
vs. Applied Stress.
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Fig. 15. Theoretically and Experimentally Determined
Plastic Zone Sizes.
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Fig. 16. Monotonic and Cyclic Stress-
Strain Behavior of Mild Steel.
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Fig. 17. Percent Restoration vs. Residual Stress.
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THERMOCOUPLE WIRES, MAGNIFIED

S-j-o.127 mm

GOOD WELD POOR WELDS

SPECIMEN

Fig. 18. Examples of a Good Weld and Three
Defective Welds.
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Table 1--Heat Treatments and Mechanical Properties

in 14 Gauge

Heat Heat Yield Average
Treatment Treatment Strength Yield Strength

No. Used (MPa) (MPa)

1 as received 304
310 307

5 2.5 hour at 167
881 C in cast 182
iron chips 181

176 177

6 1 hour at 293
556 C in cast 318
iron chips 310 307

6a 1 hour at -
685 C in cast
iron chips

7 1 hour at 650 303
C in argon 313

298
295
300 302

8 1 hour at 650 295
C in argon 304 300

9 1 hour at -
650 C in air -

average of heat treated
6,6a,7,8 304
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Table 2--Stress Determination by the Sign Method

PERCENT ERROR

a MP a GT b MP a 100 { T _L
UL

310 390 12.4

313 302 3.6

343 310 9.8

359 324 9.6

364 363 0.5

364 385 5.6

364 363 0.5

364 377 3.6

370 385 3.8

370 385 3.8

5.16 Average

a-stress determined from load.

b-stress determined from temperature.
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Table 3--Specific Plastic Work Determination by Sign Method

PERCENT ERROR

Ws, MPa b. MPa 00 w_ s

Ws

2.03 1.81 -10

2.97 2.64 -11

3.63 3.31 -14

10.0 8.54 -15

-12.5
Average

a-specific plastic work determined from stress-strain data.

b-specific work determined from temperature data.
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Table 4--Material Properties

Material E = (MPa) k' (MPa) N' M

SAE 1015 6
80 6hN 2.06xi0 944 0.27 0,22 ll.7x10

SAE 1045 2.06xi0 2308 0.27 0.146 ll.7x106

410 BHN

Aluminum 7.3x10 4  655 0.33 0.065 23.04x0 6

2024-T351

Aluminum 7.3xi04  0.33 0.146 23.0406
7075-T6

E = elastic modulus

k' = cyclic strength coefficient

P = Poisson ratio

S= coefficient of thermal expansion
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Table 5--Theoretical Values of Percent Error and

Minimum Detectable Strains

Smallest Percent Percent
Material Detectable Error Error

Plastic Strain E' E

SAE 1015
80 BhN 7.55xi0 -18.0 -12.2

Calculated

SAE 1045
410 BhN 5x10 4  -12.7 11.9

Calculated

Aluminum
2026-T751 4.4x0-4  - 6.0 3.3

Calculated
. . . . ... . . ', • . . .... . . . . . . . . i.. . . . ... . . . . . . . . . . .

Aluminum
7075-T6 9.9x10 4

Calculated

A37 Mild
Steel 1.4x10 3  -19.7 27

Measured S... . . . - o . • . . . . . . . . . . . . . . ,. . . . . . . . .... . . . .

E = Error in estimating the stress corresponding to the

minimum temperature which results from assuming

ideally elastic stress-strain behavior for a material
that strain hardens.

E2 = Error from estimating the plastic strain when the
plastic strain equals .01 m/m which results from

assuming ideal elastic-plastic stress-strain
behavior for a material that strain hardens.
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APPENDIX I

A. THE THERMOCOUPLE SYSTEM

The purpose of this section is to describe in detail

the method of utilizing thermocouples that has evolved

through trial and error over the past three years. Two

methods that were tried and abandoned will be mentioned

to prevent the repetition of past errors by those wishing

to improve the present system.

The first unsuccessful system utilized beaded

thermocouples. In the earliest experiments the measuring

junction was pressed against the specimen surface while

in later experiments the measuring junction was welded to

the surface. No useful data was ever obtained using

either technique. Apparently the response of beaded

thermocouples is too slow to pick up the transient

temperatures produced by mechanical deformation. If for

some reason one desired to use beaded thermocouples,

improvements in response time would be expected from using

smaller wire sizes (the smallest used in this work were

0.08 mm diameter) or from flattening the measuring junction

to increase the contact area.

The second unsuccessful temperature measuring system

was based on a thermocouple pair consisting of a single
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constantan wire and the steel specimen itself. It was

hoped that a single wire system would have the following

advantages compared to the two wire systems: faster

response, better spatial resolution due to smaller size,

and easier installation needing only one weld and one

solder junction. Unfortunately, this system had two

major problems: first, a method had to be developed to

calibrate the thermocouple pair involving a steel specimen

of unknown chemical composition and homogeneity; and

second, the lead wire configuration of this system

enclosed a large area (many sq cm.) which resulted in

currents being induced by any changing magnetic field in

the vicinity of the specimen. This second disadvantage

made this temperature measuring system unworkable.

The signals induced in the single wire system were in

phase with the load and were mistaken for temperature

changes. An investigation of these signals was conducted

when it was observed that temperature changes measured on

opposite sides of the same specimen were of opposite

sign. The investigation showed that signals were being

induced by deformation produced magnetic flux changes

caused by the inverse of magnetostriction. 6 4 A Gaussmeter

was used to measure the magnetic flux changes confirming

that there were deformation produced flux changes.
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Because the induced flux changes are an inherent part of

the physics of the deformation of steels the single wire

system was abandoned.

The thermocouple system used for all the experiments

of this thesis was designed specifically to overcome the

problems of the previous two systems. This system (see

Fig. 4) utilizes two .13 mm diameter wires of dissimilar

metals welded individually to the surface of the specimen.

The two wires are welded very close together. This

thermocouple based temperature measurement system has the

following outstanding features.

1. Commercially available standard thermocouple wire

pairs were used. The known relationship between

thermocouple output and temperature for standard

thermocouple pairs may be used if it is assumed that the

two wire ends (..1 mm apart) are at the same temperature.

2. The lead wire configuration of this system makes

the area enclosed by the conductors very small, thus

eliminating all measurable magnetically induced signals.

3. The reference junction is on a solder tab near

the measuring junction (see Fig. 4). Slow changes in room

temperature will not produce differences in temperature

between the measuring junction and the reference junction
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and therefore will not produce annoying changes in

apparent temperature.

4. The measuring junction can be precisely positioned

by using celophane tape to guide the positioning of the

welds.

5. The measuring junction can be easily inspected

during testing.

6. As many as one thermocouple per 0.3 mm can be

installed. This thermocouple system successfully

overcomes the defects of the two earlier systems.

B. THERMOCOUPLE INSTALLATION PROCEDURE

1. Sand off all millscale along the installation

line and clean several times with tricloroethane to remove

grease. Without thorough cleaning the weld quality will

be poor.

2. Solder a 25 mm piece of each type of thermocouple

wire to separate wires of a strain gage hook up wire pairs.

3. Carefully lay a piece of celophane tape parallel

to and one wire radius away from the line upon which the

thermocouples will be installed. This tape provides a

base line to work from. Two pieces of tape can be put

down, one on each side of the desired installation line

making it impossible to weld the thermocouples off the
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line. Experience has shown that one piece of tape is

usually sufficient.

4. Tape down the lead wire-thermocouple-solder tab

unit in the desired location putting tape both underneath

and on top of the solder tab to prevent short circuits.

Solder tabs may be glued down and new wires made up each

time. However, because connecting lead wires to

thermocouples wires is time consuming such a procedure

is inefficient.

5. Lay a ruler along the installation line to

position the thermocouples.

6. Using a low (7x) power binocular microscope bend

the wires so that the wires are not touching the specimen

and such that when they are forced to the specimen surface

they are in the desired location. This usually takes about

half of the time needed for a given installation. This

bending is done primarily using needlenosed tweezers.

7. The welding of the thermocouple to the specimen

is accomplished by touching each thermocouple wire

individually to the specimen, short circuiting a 2500 UP

capacitor charged to 20 v. Connect one side of the

capacitor to a lead wire and the other side of the

capacitor to the specimen. Connect a power supply to

the capacitor and charge it to 20 volts. Disconnect the
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power supply from the capacitor. Press the thermocduple

wire down in the desired location striking an arc and

producing a weld. Repeat step. 7 for all wires. Caution:

failure to disconnect the power supply from the capacitor

before pressing the wire down shorts the power supply

through the wire and burns up the wire.

7a. The strength of the welds depends upon the rate

of discharge of the capacitor and the total energy in that

discharge. The proper total energy for welding was

determined by testing various combinations of voltage and

capacitance. The quality of the welds depends very

strongly on the rate of discharge of the capacitor which

is dependent on both the capacitance and the resistance.

The proper rate of discharge was attained by putting

various resistances in series with the capacitor until

optimum weld quality was obtained. For the configuration

used a 150 mm piece of hook-up wire plus the contact

resistance of one banana plug provided the correct

resistance.

8. All welds should be inspected carefully before

use. Fig. 18 shows the three most common bad welds as

well as a good weld. Each weld should be inspected under

the microscope from several viewing angles. While viewing
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the welds under the microscope gently touch one wire of

each pair. If the other wire of the pair moves the weld

is defective and should be redone.
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APPENDIX II

ELECTRICAL NOTSE MINIMIZATION

The purpose of this section is to relate some of the

actual practical experience gained in working with the

particular thermocouple system used for temperature

measurement in this report. No attempt will be made to

write a general text on the handling of low level signals

because general texts are rapidly available. 6 5

At the present time the average peak to peak noise

level on the recorded temperature signals is about 2 micro-

volts without using dummy thermocouples and about 1 micro-

volt peak to peak when using dummy thermocouples. One

microvolt noise is the limit set by the internal noise of

the amplifier so that major improvement is possible only

with a lower noise amplifier. The amplifier determined

noise limit was only recently reached by continual

improvement in the layout, grounding, and connection of

the thermocouple to the amplifiers. The following is a

list of practices that were found to be important in

minimizing noise.

1. The use of differential amplifiers is essential.

A large voltage fluctuation common to both the positive

and negative lead wire occurs with respect to ground in
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the thermocouple system used. This fluctuation is

referred to as common mode noise. In an ordinary (.single

ended) amplifier the negative lead is connected to ground

and the signal on the positive lead referenced to ground

is amplified. The result is that in a single ended

amplifier the common mode noise signal is amplified along

with the signal. For the thermocouple system used the

common mode noise is orders of magnitude larger than the

signal. A differential amplifier ideally amplifies the

difference in potential between the plus and minus input

and is therefore immune to common mode noise. Because

the differential amplifier eliminates nearly all common

mode noise it makes possible the temperature measurements

which were made in this thesis. The common mode rejection

of differential amplifiers is degraded by electrical

differences in the lead wires so that lead wire pairs

should be as identical as possible.

2. The specimen must be grounded or the noise will

be overwhelming. Gripping the specimen in the machine

appears to provide adequate grounding.

3. Noise can be reduced by reducing the source

resistance. For the thermocouple system used substantial

noise reduction was obtained by upgrading the weld
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quality (see Appendix IB) which reduced source resistance.

Use of the largest diameter thermocouple that heat

transfer considerations will allow will also reduce source

resistance.

4. Noise can be reduced by reducing the inductive,

capacitive, and electrostatic pick up in the lead wires.

These types of electrical pick up can be reduced as

follows.

a. Make lead wires as short as possible.

b. Use specially designed shielded twisted

pair cables. Experience showed, however,

that in this thermocouple system there

was no noticable difference between

shielded twisted pair leads, twisted

strain gauge wire leads and as received

flat bonded strain gauge wire pairs.

c. Lead wires should be immobilized. Large

cable motion produces measurable signals.

5. Noise can be reduced greatly by using electronic

filters to limit the band width. In this investigation a

filter which begins attenuating at 300 Hz was used. This

filter attenuation increases by a factor 3dB for each

additional decade of frequency. Further improvement

should be possible with a filter with attenuation that

increases more rapidly with frequency.
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6. Noise was reduced by a factor of three by moving

the differential amplifiers from on top of, to a few feet

away from the light pen ocillograph. This simple change

in layout resulted in the single largest noise reduction

achieved.

7. The signal to noise ratio can be improved by using

the most sensitive thermocouple available (type E).

8. A dummy thermocouple consisting of two wires of

the same material can be used to cancel noise. This is

done by installing the dummy as close to the actual

thermocouple as possible and routing the lead wires of the

thermocouple and dummy in as identical manner as possible.

The thermocouple and the dummy will have nearly identical

noise signals. Both the thermocouple and dummy signals

are amplified in separate differential amplifiers. The

output of the thermocouple amplifier and dummy amplifier

are subtracted from each other in a third differential

amplifier. The result is that the noise of the dummy

cancels the noise of the thermocouple and the noise is

reduced by about a factor of two. This system requires

three differential amplifiers per channel and was only

used in the experiments of section 3.2.
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APPENDIX III

Presented in this appendix is a theoretical analysis

of the consequences of using the sign method (see section

4.2) and assumed ideal elastic-plastic stress-strain

behavior (.flat topped yielding) in interpreting temperature

data from tests of power law strain hardening materials.

Specifically, the minimum detectable plastic strain, the

error in estimating the stress corresponding to the

minimum temperature, and the error in estimating plastic

strain from temperature changes which follow the minimum

temperature are derived. The minimum detectable plastic

strain is the plastic strain corresponding to the minimum

temperature. The starting point for these derivations

are the uniaxial forms of Eq. (5b) and Eq. (7).

AO = FdEo -e ....................... ...... (5b)
pc pc

EP = ........ (7a) or dEp 1

.... ........ (7b)

Consider the integral in Eq. (5b),

SEp
J1pc
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Using Eq. (7a) and the fact that I= 0 when j =0 this

integral becomes:
1c, N

I - + pc(l+N,) s ................ (8)

The stress at the minimum temperatuer can be found by sub-

stituting Eq. (8) into Eq. (5b) and differentiating Ae

with respect to stress and setting the derivative equal

to zero.

1

dAi -[ N - e = 0 ......................... (9)

Eliminating stress using Eq. (7) and Eq. (9) and solving

for plastic strain the minimum detectable plastic strain

is found to be:

SPC N'c ......................................... (1 0)
pc

Using Eq. (10) and Eq. (7a) the stress at minimum tempera-

ture is:

aI = k'(N'ae)N

Using Eq. (5b) the minimum temperature is:

AGI = I(i _ QcT•
PC

If ideal elastic-plastic behavior is assumed, the stress

(a ) calculated from temperature data would be:
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pcAI

A = O

The percent error in estimating stress from the minimum

temperature can be derived-from the preceding three

expressions.

1 A -I E IPIE 1=i00 -i -100 ae(NI +_T(11)
E I 10 ct(N' +1i)...................(1

If ideal elastic-plastic stress-strain behavior is assumed,

the plastic strain (ePA) that would be estimated from the

temperature increase which follows the minimum temperature

would be

I EPA = (A6 - A8I)pc

The percent error E2 in this estimated plastic strain can

be found using Eqs. (5b), (8) and (11)

E2 100 EPA F
EPP

E2 • (s o - SpU)- Gla-a i) - s a•

E2a. (12)
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